INTRODUCTION Zuzanna Liliental-Weber
Center for Advanced Materials Lawrence Berkeley Laboratory 1 Cyclotron Rd., Berkeley, CA 94720 Reliable and reproducible metal contacts to semiconductors are necessary if electronic devices are to function properly. Two types of contacts are required to make these devices work properly:
(1) ohmic contacts, and (2) rectifying gate contacts, which in some applications must survive annealing at 800°C or higher to activate implanted dopants.
Despite the wide spread use of rectifying contacts to GaAs, two important issues remain to be resolved.
One --the basic mechanism responsible for the observed Schottky barrier heights (which is still being debated) and the second --reproducibility and stability of electrical performance during annealing and aging.
Most experimental data agree that the barrier heights for all metals measured on GaAs fall within a few tenths of an eV in the midgap region, indicating strong Fermi level pinning mechanism at metal/GaAs interfaces.
The measurements of barrier heights for many metals deposited in situ on ultrahigh-vacuum-(UHV) cleaved GaAs, as determined by Newmanr-using I-V and C-V characteristics, seem to be very consistent. They show the same ideality factor n = 1.05 independent of the reactivity of the particular metal. The lowest barrier height found on n-GaAs was for Cr (!pb = 0. 6 7 eV), and the highest was for Au (¢b = 0. 92 eV). To explain these results which are still controversial several models have been proposed.2 In some of them the Fermi level pinning was ascribed to the inherent properties of ideal metal/GaAs interfaces (metal-induced gap states3,4), in others to native defects5 which are formed upon metal deposition due to the energy which was released during metal solidification or to work-function differences between GaAs and microscopic interfacial inclusions of arsenic, metal arsenides, or impurities (the Effective Work Function model6).
Part of our work is directed towards contributing to this fundamental problem7-11, however in this chapter we will concentrate on our contribution to the second issue. We will show, that surface contamination is indeed a major cause for thermal and electrical instability connected with degradation of the metal/semiconductor interfaces.
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Our approach was to compare the structure, electrical properties and stability of electrical properties of "ideal" contacts deposited in-situ in UHV on cleaved GaAs (110) with contacts deposited on air-exposed GaAs (110) and in some cases with technologically prepared GaAs (100) contacts.
We will describe in detail o~r results for four different systems: Au, Ag, Al and Cr on GaAs.
Experimental Procedure
To remove any unnecessary variables (e.g. , impurities on the GaAs surface), the diodes used in this study were produced on clean GaAs surfaces formed by cleaving in an ultrahigh vacuum (UHV) with the metal deposited in situ. 12 Bulk n-GaAs bars (Si doped) were placed in an UHV chamber that was baked out to obtain a vacuum of -2 x 10-10 torr. The bars were cleaved along their {110} planes. Metals were then deposited in situ using a resistance-type evaporator without breaking vacuum or additional heating.
(During deposition the vacuum was kept < 4 x 10-10 torr.) In order to observe the influence of contamination on the properties of the electrical and structural contacts, a second batch of metal diodes was deposited on samples cleaved in air in the same vacuum chamber. In order to assure that the air-exposed surfaces were not subjected to any unnecessary heat before metalization, a chamber bakeout was not performed.
For the diodes produced on the air-exposed surfaces, the pressure. during the metal deposition was approximately 1o-7 torr.
The metal thickness for these two kind of diodes was -100 nm.
These two kinds of samples were annealed for 10 min at 405°C in a N2 atmosphere.
In order to compare these diodes with diodes formed using typical conunercial GaAs processing technology, a third batch of samples was prepared by deposition of Au layers on chemically cleaned samples. Au was chosen as the most frequently used metalization element. Electron-beam evaporation was used in the contact-fabrication process. The annealing was performed in a 95% Ar -5% H2 environment at the same time and temperature as for the first two batches of samples.
The structure and electrical properties of all contacts on GaAs were investigated by analytical and high-resolution transmission electrort microscopy (TEM), combined with electrical characterization.
Electron microscopy was performed at LBL's National Center for Electron Microscopy in Berkeley using the JEOL JEM 200CX electron microscope equipped with a high-resolution pole piece (-0. 25 nm point-to-point resolution) and the 1-MeV Atomic Resolution Microscope (ARM), which has a point-to-point resolution of-0.16 nm.
Au Contacts7-1 4
The as-deposited Au layer was found to be polycrystalline in all three cases, with grain diameters in the 10-50 nm range. · The largest grain size was found in UHV-deposited Au samples.
Some of these grains were twinned along (111) planes.
Such unannealed Au layers observed in cross sections show atomically flat interfaces with GaAs. Some of these grains, particularly in UHV-cleaved samples, were in the (211) or (011) orientation parallel to the (011) GaAs substrate orientation, but generally the grains were randomly oriented, resulting in diffraction patterns with textured rings.
Significant differences between these samples occur after annealing in N 2 at 405°C for 10 min (Fig. 1) .
For the UHV-cleaved samples, the interface remains flat and abrupt despite the annealing process 2 [ Fig. l(a) ].
The entire Au layer was almost monocrystalline, with the smallest grain size -500 nm.
Most of the grains were elongated along [OlllGaAs· Their orientation relationship towards the substrate was (2ll)Au slightly tilted from (Oll)GaAs e.g.
(522)Au being parallel to (Oll)GaAs.
A perfect match between the substrate and the Au layer is expected for each fifth {200}GaAs plane with each sixth {lll}Au plane.
In many areas triangular features elongated along [OlllGaAs were observed.
These triangular features are just cross sections of prism-shaped features observed in plan-view samples (Fig. 2) . These features probably voids were formed in the Au layer directly adjacent to the GaAs substrate [ Fig. 2(a) ]. High-magnification images using the ARM showed that these areas consisted of amorphous material with embedded gold particles.
The same annealing treatment for the Au samples deposited on GaAs cleaved in air resulted in the formation of metallic protrusions at the interface [ Fig. l(b) ].
Many small grains, highly twinned and dislocated with irregular shapes, were observed in a plan view of annealed air exposed samples. The larger grains had two different shapes, triangular and rectangular, In cross sections two different shapes of protrusions were found extending into the GaAs [ (Fig . l(b) ]:
(1) triangular protrusions ·whose sides are delineated by GaAs {111} planes, and (2) multifaceted protrusions delineated by GaAs {111} , {110}, and {100} planes. These two different protrusion shapes are probably related to the two different grain shapes visible in plan-view samples. Such protrusions were observed in the past for annealed Au-Ni-Ge contactslS • 16 and Au contacts,l7 and it was concluded that elevated temperatures are a sufficient condition for their formation.
It is interesting to note that those protrusions were elongated along [OlllGaAs [ Fig. 2d ], as were void-like features in the samples deposited in UHV and subsequently annealed [Figs. 2b and 2c] .
Because the protrusions and void-like features are elongated in the same crystallographic direction, they can be easily misinterpreted by SEM type of studies.
For many grains in air-exposed samples the (Oll)Aull (Oll)GaAs relationship was observed , but for some other grains ("ll'll)Aull (Oll)GaAs was found as well. Details about the relationship will be discussed in the next chapter.
Even more complicated interfaces were observed in annealed Au/GaAs samples formed on chemically prepared .GaAs surfaces.
The gold layer was separated from the GaAs substrate by a thin oxide band.
Oxygen was 3 Note the long grains elongated along [011] . These grains are the protrusions embedded in the GaAs substrate shown in Fig. 1(b) . XBB 880-10080 detected on the interface by energy-dispersive x-ray spectroscopy (EDX) in chemically prepared samples and in the samples cleaved in air .14 Oxygen was not detected in samples where Au was deposited in situ on the UHV-cleaved surface.
In many areas, the interface was found to be very flat and abrupt [ Fig. 1(c) ]. However, islands of gold with a wide range of shapes were found below the oxide layer as well.
These islands were epitaxially regrown, with a much smaller defect density than in the layer above the oxide.
The observation of separated islands below the oxide layer would suggest that Au has diffused through already exiting pinholes in the oxide.
The orientation relationship for those grains was similar as for air-exposed samples, e.g. (011)Auii(011)GaAs· The Au layer above the oxide layer has many defects, and the grain size is much smaller than the annealed Au deposited in UHV.
These observations show that GaAs is very sensitive to oxidation and that the morphology of the interface is strongly influenced by the surface preparation prior to Au deposition.
This demonstrates that the formation of protrusions is not the result of annealing at elevated temperatures alone but is clearly affected by the semiconductor surface-preparation technique prior td metal deposition.
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As -determined f~om I-V cha~acte~istics, the~e was not a la~ge diffe~ence in ba~~ie~ height fo~ the Au diodes deposited in situ on UHV-cleaved GaAs samples (0.92 eV) and deposited on the samples cleaved in air (0.83 eV). After annealing, the barrier height decreases to 0.72 eV for both kinds of samples.
A very important observation18 • 19 is that those samples that were air exposed before Au deposition were found to age with time and/or exposure to electrical measurements where large bias voltages were used, whereas UHV-cleaved samples were stable. This observation is a very important consideration for the reliability of practical devices built on oxidized surfaces.
Ag Contacts18-22
Two kinds of Schottky diodes, similar to the first two kinds of Au diodes, were prepared for Ag:
deposited on clean, UHV-cleaved (110) GaAs, and deposited on air-exposed cleaved (110) substrates.
Significant differences in the structures of the two kinds of contacts were observed.
The metal/substrate interface was flat in both cases [Figs. 3(a) and 3(c)] for as-deposited samples; however, in the air-exposed samples an oxide layer ~ 40 A thick was present on the GaAs surface. This oxide layer varied in thickness along the interface.
The air-exposed diodes contained a higher density of twins and much smaller Ag grains in the metal layer than did the samples deposited in UHV conditions.
As in Au case, a difference in interface morphology was observed for these two kinds of samples after annealing. The interface remained flat for the UHV samples, and high-resolution electron microscopy showed that that { 111} Ag planes were rotated slightly toward the {200} GaAs planes [ Fig. 3 (b) ].
Large protrusions were formed at the interface of the air-exposed samples [ Fig. 3 (d) ].
The faceted Ag protrusions grew into the GaAs.
One of the facet planes of such a protrusion was always parallel to {111}GaAs and the other plana varied, but in many cases the other facet plane was parallel to {122}GaAs·21 When plan-view samples were prepared by ion-milling from the substrate side with partial Ag removal by short ion-milling from the metal side, it was clear that all these protrusions we~e embedded into the GaAs substrate, as was expected from cross-section samples, and that these protrusions were elongated along [OlllGaAs·21 Also, as was the case for the annealed Au samples deposited on the air-exposed substrate, the orientation relationship for air-exposed samples was
[Oll]GaAs II [OlllAg with (Oll)GaAs II (Oll)Ag·
After annealing, voids formed at the metal/GaAs interface in many areas, and a large portion of the Ag layer peeled off.
These void formations were observed in as-deposited air-exposed samples, but adhesion decreased after annealing.
Occasionally adhesion problems occurred in UHV-deposited samples as well, but the problems were not so drastic as they were with the air-exposed samples after annealing. Many more problems occurred in those samples that remained in air longer before metal deposition and subsequent annealing.
The Schottky barrier height measured from I-V curves was 0.96 eV for as-deposited air-exposed samples, higher by 70 meV than that of UHV-cleaved diodes . 19 After annealing, a slight increase in harder height (0. 91 eV) was observed for UHV-deposited samples, while a large decrease (0.79 eV) and leakage was observed for air-exposed samples (Fig. 4) .
The large leakage current often reported in the literature21-23 can be correlated with the adhesion problems in those samples. 5 
Fo~ UHV-cleaved Ag diodes, elect~ical aging was pe~formed with cu~~ent densit i es f~om 2 x lo-2A/cm2 (0 . 60 V) up to 1 . 4 A/cm2 fo~ ~eve~se bias (-19 V) . Fo~ the UHV-cleaved Ag diodes, no significant change in ba~~ier height and ideality facto~ was found after elect~ical aging unde~ these conditions fo~ mo~e than 7 hrs. By cont~ast, for ai~-exposed Ag/GaAs diodes, 50 min at 4. 3 x lo-SA/cm2 (-14 V) was sufficient to dec~ease th~ bar~ie~ height by 20 meV.
Mo~e
severe conditions of 2.3 x 10-3A/cm2 (-17 V) fo~ the same 50-min period decrease the barrier height by 75 meV (Fig. 5) .
Elect r ical aging reduced the barrier-height difference between the two kinds of diodes without significantly changing the ideality facto~ of either kind of diode (n = 1.06-1.085). Thus electrical aging caused changes in barrier height but did not significantly detedorate the near-ideal Schottky characteristics of the diodes. It was also observed that the changes in barrier height were not stable:
the Schottky barrier height returned almost to its initial value (before cur~ent stressing) within about five days . Light or forward current accelerated this recovery effect.
Current stressing of UHV-cleaved diodes did not result in any structural changes , but the air-exposed contacts showed a significant change , 18-20 Current stressing caused a decrease in the size of the Ag grains, the formation of voids separating these grains, and poo~ adhesion of the metal overlayer.
Local elect~omig~ation of Ag ~esulted in Ag accumulation in pa~ts of the contact and thinning o~ void formation in othe~ pa~ts20.
Elect~omigration of Ag in the ai~-exposed diodes may be the result of la~ge local cu~~ent densities due to an inhomogeneous inte~facial oxide laye~. which acts to block cu~~ent flow ove~ pa~t of the a~ea of the contact.
The obse~vations of void formation, enhanced elect~omig~ation combined with the formation of new compounds , can explain why Ag Schottky contacts, which a~e known to be gene~ally leaky, have not been applied successfully in GaAs device technology . Howeve~, this study has shown that ve~y stable and ~eliable Ag contacts can be obtained if the Ag is deposited on atomically clean su~faces, such as the UHV-cleaved surfaces used fo~ these obse~vations.
Al Contacts9,18,19 , 24
Fo~ Al deposited on UHV-cleaved GaAs , the g~ain size of 100-300 nm was obse~ved.
The inte~face with GaAs ~emains flat and the Al (111) planes form a small angle with the GaAs (111) planes (Fig. 6) . This angle ~emains constant fo~ g~ains with diffe~ent o~ientations. Upon anneal i ng at 375°C in N 2 fo~ 10 min, the inte~face ~emains flat and There were large detected. 9, 24 Individual grains of contact with GaAs did not change annealing.
In The some areas formation a very thin laye~ of AlGaAs did not areas where this phase was not Al above AlGaAs or in intimate the orientation relationship upon For the samples cleaved in air, the interface remained flat before and after annealing, but a significant decrease in Al grain size was observed in these samples.
In some areas of the annealed air-exposed samples, a thin layer of AlGaAs was detected as well . For Al metalization, in contrast to the previously described metals (Au and Ag), no protrusions at the interface were observed for cleaved air-exposed samples after annealing.
This probably can be explained by the formation of an AlGaAs phase in intimate contact with GaAs and no As outdiffusion from the systems.
In all observed cases, Al (or AlGaAs) was always found in intimate contact with the GaAs substrate .
Void formation was not observed, 8
either in as-deposited samples or in annealed ones. contacts did not influence the interface structure.
Aging of these Al deposited in situ on UHV-cleaved GaAs forms Schottky contacts with a barrier height of 0.83 eV (Fig. 4c) . After~ situ annealing for 10 min in N 2 atmosphere at 360°C or above, the barrier height increases to 0. 90 eV . 19 • 25 This is in contrast to the behavior of the Au diodes, where the barrier height decreases upon annealing. For as-deposited samples cleaved in air, the barrier height was lower (0.76 eV) than for UHV-cleaved samples, but a similar increase of 70 meV was observed after annealing .19 • 25 The increase of barrier height for AlGaAs upon annealing has frequently been attributed to the formation of the interfacial AlGaAs with a larger bandgap. 26, 27 However, recent studies showed, that the barrier height of Al on n-GaAs (110) added up together with the barrier height of Al on p-GaAs to the GaAs bandgap. 28 The observed changes in barrier height are thus due to a downward shift of the Fermi level pinning position rather than the formation of AlGaAs. We have attributed this shift of the Fermi level pinning position to a change of stoichiometry due to the replacement of Ga by As.9,10 Air-exposed Al/GaAs diodes were aged at -9. 7 V for more than 7 hrs with a reverse current flow of 1.3 A/cm2.
There was a very small, almost insignificant, increase of -9 meV in the barrier height after electrical aging.
No change in barrier height was noticed for UHV-deposited samples with the same aging parameters. This study shows that Al contacts are stable upon annealing. Strong adhesion between Al and the substrate exists for both UHV-deposited and air-exposed samples. No protrusions were found at the interfaces upon annealing.
Cr Contacts18,19,29
The TEM study of Cr layers deposited on clean UHV-cleaved GaAs surfaces consistently showed a columnnar structure in the Cr layer. These columns were inclined 80° to the interface, and this inclination was probably related to the deposition direction.
The size of the columns was in the range of 4-12 nm. Voids up to 5 nm wide were formed between some of the columns.
The void formation initiated in the Cr layer, about 10-15 nm from the interface with the GaAs [Fig. 7(a) ].
High-resolution images of the interface taken in the ARM (1 MeV) in [100] and [110] projections show that the interface with GaAs was flat on an atomic scale. The individual columns were misoriented with respect to each other by a few degrees [ Fig. 7(c) ].
The orientation relationship between the GaAs substrate and the Cr layer was {loo} crll {loo} GaAs with
[ 011] cr II[ 0221 GaAs.
Cr matches GaAs almost perfectly to GaAs because the Cr lattice parameter (a= 0.288 nm) is almost exactly half that of GaAs (a= 0.565 nm).
For the samples with Cr deposited on the air-exposed GaAs surface, the interfaces were flat, similar to the UHV-deposited samples.
A columnar structure of the Cr over layer was observed as well, but the columns were almost randomly oriented, with a high void density between them [ Fig. 7 (b) ].
The size of the columns of these samples was less than 2 nm. Extra spots of chromium oxide were detected in these samples.
Annealing for 10 min in N 2 at atmospheric pressure at 370oc did not cause the formation of a new phase in either the UHV samples or the air-exposed samples. A high-resolution image of the air-exposed samples showed an oxide layer about 1 nm thick at the interface [ Fig . 7 (d) ].
Voids between columns remained after annealing.
Individual columns and lattice planes were found to change their inclination direction continuously with increasing layer thickness.
The top of the layer consisted of small polycrystalline Cr grains.
I-V and C-V characteristics taken on both types of as-deposited diodes showed a barrier height of 0. 66 eV for UHV-cleaved samples and 0.68 eV for air-exposed samples (Fig. 4) .
This small difference was within measurement error.
It shows that an oxide layer at the interface does not influence the barrier height for as-deposited samples. Similar values (0.69 eV) were reported for UHV-cleaved samples by McLean and Williams,30 and slightly higher values (0.73 eV) were reported for Cr/GaAs (100) by Waldrop.31 The barrier height (0.68 eV) and ideality factor (n = 1.06) of the UHV-deposited contacts, as determined by I-V electrical measurements, did not a change upon annealing at these temperatures (see Fig. 4 ).
For air-exposed samples the barrier height increased (Fig. 4) from 0.68 eV to 0.76 ev after annealing.
The low barrier height of Cr (0.66 eV) for as-deposited samples (compared to other metals, e.g., 0.92 eV for Au) may be associated with the accumulation of As near the interface.7,10
Aging of Cr diodes at -19 V for more than 6 hrs with a reverse current flow of 3 A/cm2 did not change the barrier height by more than 6 meV (within experimental error) for either UHV-cleaved samples or air-exposed ones.
Orientation Relationship in Metal/GaAs Interfaces9
The orientation relationship between the metals investigated (Au, Ag, Al, and Cr) for as-deposited samples was almost random for all samples. When the metals were deposited in situ on UHV-cleaved samples, the metal grains were always larger than those of the metals deposited on the air-exposed GaAs substrate.
The difference in orientation relationship between differently prepared samples occurred after annealing. These differences are shown for Au in Table 1 Type I orientation relationships were observed for all air-exposed samples (Au, Ag, Cr) except Al. This type of orientation relationship was explained for Au by Yoshiie and Bauer32 as the epitaxial relationship to the newly formed Au-Ga phase, e.g., (Oil)GaAsll<ilO)AuGall (011)Au
However, formation of an Au-Ga phase is not necessary to fulfill the minimum mismatch on the interface. The mechanism is probably more general. Our data show that the Au orientation relationship for cleaved (110) GaAs surfaces depends on both the environment in which the GaAs surface was prepared before annealing and the annealing conditions, and not necessarily on the Au-Ga phases formed.
The type I orientation relationship exists in annealed Au even when an Au-Ga phase is not formed, but it is characteristic for annealed Au deposited on air-exposed GaAs and exists for other metals .like Ag, where this phase is not formed. A possible explanation for this behavior is that the y-Ga 2 o 3 grows epitaxially33,34 as a This observation would suggest that as soon as GaAs is exposed to air,· epitaxial y-Gaz03 is formed, and the deposited metal epitaxially relates to the oxide already existing at the interface.
-The oxide on GaAs is not a continuous layer. In the areas where the oxide is not present, twinning takes place, giving a better match at the interface, leading to a type IIa orientation relationship. A type IIb orientation was observed in most cases for Au deposited on UHV-cleaved GaAs with in situ postannealing.
The orientation relationship in UHV-deposited Au samples annealed ex situ in Nz (405°C, 10 min, as done for air-exposed samples) was completely dieferent and was described as type III.
This type of orientation relationship was observed not only in Au/GaAs samples but also in Al/GaAs and Ag/GaAs samples.
A small rotation angle (-10°) between (111)Au,Ag,Al planes and (111)GaAs planes was characteristic for all three metals (they have similar lattice parameters) deposited in situ on UHV-cleaved GaAs and annealed in N 2 . This behavior was explained by As accumulation at the interface. 9 ,10 The metal probably tries to accommodate to the accumulated As or to the As plane in the GaAs substrate. This discussion shows, that the macroscopic orientation relationship of metal grains on GaAs is very sensitive to interfacial contamination.
Comparing of the crystallographic orientation relationships of metal grains on GaAs (110) revealed distinct differences between UHV-deposited and air-exposed samples. In fact, the observation of the orientation relationship after annealing for metals with similar lattice parameters can be used as an additional tool in recognizing how clean the GaAs surface was before metal deposition. All metals deposited on air-exposed substrates follow the orientation relationship of the oxide present on the semiconductor surface.
CONCLUSIONS
This study shows that interface morphology, orientation relationship, and formation of new phases strongly depend on the surface preparation of GaAs before metal deposition and/or on the annealing environment. The metals investigated (Au, Ag, and Al, with lattice parameters close to each other) deposited in situ on a UHV-cleaved GaAs surface show very similar relationships with GaAs upon annealing.
This relationship changes when GaAs is exposed to air before metal deposition. All metals investigated, when deposited on a UHV-cleaved GaAs substrate, are stable upon annealing.
The interface between metal and GaAs remains abrupt upon annealing.
In the case of Cr almost perfect matching to GaAs was observed for UHV deposited samples, but random orientation for airexposed samples.
This study shows that impurities at the semiconductor surface can affect the stability of the barrier height of Schottky contacts. These changes in barrier height depend on the m9tal used, and on the intensity and direction of the potential and current during the electrical aging. The dramatic example of Ag contacts and their change upon current stressing only for air-exp.osed samples confirms the importance of surface preparation before metalization.
A great part of frequently observed problems with reproducibility and stability of Schottky barrier heights on GaAs can be ascribed to insuffient cleaning of water surfaces before metal deposition. Comparison of the results of current processing with UHV-prepared samples allows in a unique way to define the goals available for non-contamination technology.
